Introduction
============

The compartmentalization of cells allows the segregation and regulation of the myriad reactions that occur within them. The tremendous benefits of intracellular compartmentalization also come at a price; to function optimally, cells must transmit signals and exchange material between compartments. Numerous mechanisms have evolved to facilitate these exchanges. One that has not been well appreciated until the last few years is the transmission of signals and molecules between organelles that occurs at regions where the organelles are closely apposed, often called membrane contact sites (MCSs). These sites were first characterized because of their critical roles in the intracellular exchange of lipids and calcium, which can be directly channeled between organelles via MCSs. More recently, it has also become apparent that MCSs are important sites for intracellular signaling, organelle trafficking, and inheritance, and that MCSs are specialized regions where regulatory complexes are assembled ([@bib22]; [@bib32]).

A hallmark of MCSs is that membranes from two organelles (or compartments of the same organelle) are tethered to one another, but not all instances in which membranes interact with or are tethered to one another are considered MCSs. True MCSs have four properties: (1) membranes from two intracellular compartments are tethered in close apposition, typically within 30 nm, (2) the membranes do not fuse (though they may transiently hemi-fuse), (3) specific proteins and/or lipids are enriched at the MCS, and (4) MCS formation affects the function or composition of at least one of the two organelles in the MCS.

This review will discuss what we know about proteins that tether organelles, the exchange of small molecules at MCSs, and other emerging functions of MCSs.

MCS tethers
===========

An MCS tether is a protein or complex of proteins ([Fig. 1](#fig1){ref-type="fig"}) that simultaneously binds the two apposing membranes at an organelle contact site and plays a role in maintaining the site ([@bib22]; [@bib32]). In many cases it is not yet clear if these proteins and complexes are genuine tethers, which are necessary to maintain MCSs, or function at MCSs but are not necessary to sustain contacts. Distinguishing between these possibilities is an important challenge for the field, especially when more than one protein or complex of proteins independently hold together the membranes at an MCS.

![**Proteins proposed to mediate tethering at MCSs.** Mammalian proteins are shown on a yellow background, yeast proteins on a blue background, and proteins found in both mammals and yeast are on a green background. Tethering complexes not described in the text are indicated with red numbers: (1) StARD3-VAPs ([@bib1]), (2) NPC1-ORP5 ([@bib18]), (3) Psd2-Pdr17 ([@bib83]), (4) Vac8-Nvj1 ([@bib77]), (5) Nvj2 ([@bib101]), (6) PTPIP51-VAPs ([@bib16]), (7) Orai1-STIM1 ([@bib73]), (8) DGAT2-FATP1 ([@bib111]), and (9) IncD-CERT-VAPs ([@bib17]; [@bib21]).](JCB_201401126_Fig1){#fig1}

As a growing number of potential tethers are identified, three trends are emerging. First, most MCSs are maintained by several tethers. One of the best-characterized examples of this is the junction of the ER and plasma membrane (PM) in *Saccharomyces cerevisiae*. Recent work showed that it was necessary to eliminate six ER resident proteins to dramatically reduce the normally extensive interactions between the ER and PM ([@bib61]; [@bib92]). This suggests that these six proteins mediate tethering independently of each other. Four of the six proteins (three calcium and lipid-binding domain proteins 1--3, also called Tcb1--3, and Ist2) are integral ER membrane proteins that have cytosolic domains that bind the plasma membranes ([@bib24]; [@bib101]). The other two proteins, Scs2 and Scs22 (Scs, suppressor of Ca^2+^ sensitivity), are homologues of mammalian VAPs (vesicle-associated membrane protein--associated proteins). VAPs are integral membrane tail-anchored proteins in the ER that bind proteins containing FFAT (phenylalanines in an acid tract) motifs ([@bib58]). A number of proteins that contain these motifs also have domains that bind lipids and proteins in the PM, allowing them to simultaneously bind and tether the ER and PM. For example, some oxysterol-binding protein (OSBP)--related proteins (ORPs) have FFAT motifs and pleckstrin homology (PH) domains that bind phosphoinositides (PIPs) in the plasma membrane ([@bib56]; [@bib108]). Thus, ORPs and other FFAT motif-containing proteins can mediate ER--PM tethering via VAPs. It should be noted that VAPs and proteins bound by VAPs also mediate tethering between the ER and organelles in addition to the PM. These are shown in [Fig. 1](#fig1){ref-type="fig"}.

A second emerging trend is that tethering seems to be a dynamic, regulated process, and we are beginning to understand the mechanisms of dynamic apposition of membranes at MCSs by tethers. One example is ER--PM tethering mediated by proteins called extended synaptotagmins (E-Syts), which are homologues of the yeast Tcb tethers. The tethering of the ER and PM by E-Syts is regulated by Ca^2+^ and the PM-enriched lipid PI(4,5)P~2~ ([@bib9]; [@bib27]). Binding of these molecules by E-Syts may control both the extent of ER--PM contact and the distance between these organelles at MCSs. A second example of regulated MCS formation is provided by a recent study on OSBP. This protein and other FFAT motif-containing proteins have been thought to mediate ER--Golgi tethering by simultaneously binding VAPs in the ER and PIPs in the Golgi complex ([@bib40]; [@bib79]). In an elegant set of experiments, [@bib65] showed that OSBP regulates its own ability to mediate ER--Golgi tethering by modulating PI4P levels in the Golgi complex. When PI4P levels in the Golgi complex are high, OSBP tethers the ER and Golgi complex and also transports PI4P from the Golgi to the ER. When the PI4P reaches the ER, it is hydrolyzed by the phosphatase Sac1, preventing it from being transferred back to the Golgi. The reduction in Golgi complex PI4P levels by OSBP causes OSBP to dissociate from the Golgi, decreasing ER--Golgi tethering. Thus, OSBP negatively regulates its own tethering of the ER and Golgi membranes. Lipid transport by OSBP and similar proteins will be discussed in more detail in the section on lipid transport at MCSs.

The third important feature of many MCS tethering complexes is that most have functions in addition to tethering. This is well illustrated by complexes proposed to mediate ER--mitochondria tethering in mammalian cells, where four such complexes have been described ([Fig. 1](#fig1){ref-type="fig"}). For example, Mfn2 (mitofusin-2) acts as a tether ([@bib14]), but the primary function of this dynamin-like protein is to mediate mitochondrial fusion. Although Mfn2 is largely in the outer mitochondrial membrane (OMM), a small fraction also resides the ER, and it has been proposed that the interaction of Mfn2 in the ER with Mfn2 in the OMM tethers the ER and mitochondria ([@bib14]). The other ER--mitochondria tethering complexes proposed in mammals ([Fig. 1](#fig1){ref-type="fig"}) also have additional functions---either Ca^2+^ signaling or apoptotic signaling between these organelles.

Tethers within organelles
=========================

MCSs may form not only between organelles but also between compartments of the same organelle. In two cases, proteins necessary for these intra-organelle contacts are known. The Golgi complex is divided into a number of cisternae that remain closely apposed in some cell types, forming stacked compartments. Two tethering proteins maintain connections between Golgi cisternae. Golgi reassembly stacking protein 65 (GRASP65) forms contacts between cis- and medial-Golgi cisternae and GRASP55 mediates medial- to trans-cisternal interactions ([Fig. 1](#fig1){ref-type="fig"}; [@bib5]; [@bib88]). The Golgi stack disassembles when both GRASPs are depleted, indicating that they are the primary or sole tethers ([@bib110]). Tethering by these proteins is regulated by kinases to allow Golgi cisternal disassembly during the cell cycle. Whether the inter-Golgi contacts formed by GRASPs mediate signaling or lipid exchange between cisternae is not yet known ([@bib98]).

MCSs also form inside organelles with internal membranes: mitochondria, chloroplasts, and multivesicular bodies. These MCSs may form between membranes within these organelles or between internal membranes and the outer membrane of the organelle. Recently, three groups discovered a tethering complex involved in forming contacts between mitochondrial cisternae and between cisternae and the mitochondrial outer membrane ([@bib31]; [@bib34]; [@bib104]). This complex, called the mitochondrial contact site and cristae organizing system (MICOS), is conserved from yeast to humans and contains at least six proteins ([Fig. 1](#fig1){ref-type="fig"}). It is necessary to maintain inner membrane organization and also interacts with protein complexes in the outer membrane, including the translocase of the outer membrane (TOM) complex and the sorting and assembly machinery (SAM) complex ([@bib102]; [@bib112]).

Lipid exchange at MCSs
======================

Lipid exchange between organelles at MCSs may serve a number of important functions. One is that it allows cells to rapidly modulate the lipid composition of an organelle independently of vesicular trafficking. In addition, some organelles, such as mitochondria and chloroplasts, must obtain most of the lipids they require for membrane biogenesis by nonvesicular lipid trafficking that almost certainly occurs at MCSs ([@bib76]; [@bib107]; [@bib35]). Finally, and perhaps most importantly, lipid transfer at MCSs may play an important role in lipid metabolism by channeling lipids to or away from enzymes in different compartments.

Some lipid exchange at MCSs is facilitated by soluble lipid transport proteins (LTPs), which can shuttle lipid monomers between membranes ([Fig. 2 A](#fig2){ref-type="fig"}). In other cases, known LTPs do not seem to be required and lipids may be exchanged at MCSs by other mechanisms ([Fig. 2, B and C](#fig2){ref-type="fig"}), which will be discussed next.

![**Possible mechanisms of lipid exchange at MCSs.** (A) Transfer by LTPs using CERT as an example. The targeting PH domain (pink) and FFAT motif (blue) are shown. CERT could shuttle between membranes (left) or transfer while binding both membranes (right). (B) Some transfer could occur through hydrophobic channels or tunnels (in green) bridging the two membranes at a MCS. (C) Lipid exchange between hemifused membranes. Hemifusion could be promoted and regulated by proteins (red).](JCB_201401126_Fig2){#fig2}

Most LTPs fall into at least five superfamilies that differ structurally but that all have a hydrophobic pocket or groove that can bind a lipid monomer, and often have a lid domain that shields the bound lipid from the aqueous phase ([@bib13]; [@bib54]). This allows LTPs to shuttle lipid monomers between membranes. LTPs probably transfer lipids between organelles in cells most efficiently at MCSs, where they have only a short distance to diffuse between membranes. LTPs that may transfer lipids at contact sites are: OSBP, ceramide transport protein (CERT), the yeast OSBP homologues Osh6 and Osh7, protein tyrosine kinase 2 N-terminal domain--interacting receptor 2 (Nir2), and Ups1 ([@bib30]; [@bib10]; [@bib9]; [@bib60]; [@bib65]).

LTPs could function by shuttling between membranes at MCSs or while simultaneously bound to both membranes ([Fig. 2 A](#fig2){ref-type="fig"}). Many LTPs have domains that target them to the two membranes at an MCS. For example, OSBP and CERT have FFAT motifs, which bind ER resident VAPs, and PH domains that bind PIPs in the Golgi complex or PM.

Another important emerging aspect of lipid exchange by some LTPs is that it may be driven by their ability to exchange one lipid for another. For example, OSBP can transfer both cholesterol and PI4P. At ER--Golgi MCSs, OSBP may facilitate the net movement of cholesterol from the ER to the Golgi and PI4P in the opposite direction ([@bib65]). The difference in the PI4P concentrations in the ER and Golgi (lower in the ER than in the Golgi) may drive the net transfer of cholesterol to the Golgi. The ability to exchange one lipid for another has been found for other LTPs ([@bib87]; [@bib15]; [@bib48]) and may be critical for driving directional lipid exchange at MCSs.

Some lipid exchange at MCSs does not seem to be facilitated by LTPs. The best evidence for this comes from studies on lipid transfer between the ER and mitochondria. It has long been known that lipids are exchanged between these two organelles; mitochondria must acquire most of the lipid it requires for membrane biogenesis from the rest of the cell. Lipid exchange at ER--mitochondria MCSs occurs by a mechanism that does not require energy, at least in vitro, and does not require any cytosolic factors ([@bib76]; [@bib103]).

How this lipid transfer occurs is not known, and two possible types of mechanism are shown in [Fig. 2, B and C](#fig2){ref-type="fig"}. One is that some MCS proteins form a hydrophobic channel that allows lipids to move between membranes. Such a channel would be similar to an LTP, but whereas lipids enter and exit LTPs by the same opening, they enter and exit channels by different openings. This difference could allow lipid exchange by a channel to be regulated and, if the channel could bind two different lipids simultaneously, it might couple the transfer of the lipids. A domain that may form channels at MCSs has been identified. Called the synaptotagmin-like mitochondrial lipid-binding protein (SMP) domain, it has been predicted to be part of a superfamily of proteins that includes cholesterol ester transfer protein (CETP; [@bib49]). CETP has a tubular lipid-binding domain that transfers lipids between high-density and low-density lipoproteins, probably while simultaneously bound to both ([@bib80]; [@bib113]). SMP domains could transfer lipids between membranes by a similar mechanism. Consistent with this possibility, all SMP-containing proteins in budding yeast localize to MCSs and many mammalian SMP-containing proteins do as well ([@bib101]). Interestingly, SMP domains are present in three of the five proteins in a yeast ER--mitochondria tethering complex called ERMES ([@bib50]). Whether ERMES facilitates lipid exchange between the ER and mitochondria is not yet clear. Mitochondria derived from cells missing ERMES have altered lipid composition ([@bib75]; [@bib96]; [@bib97]), indicating that lipid exchange between the ER and mitochondria could be altered in these strains. On the other hand, little or no defect in the rates of phospholipid exchange between ER and mitochondria were found in ERMES mutants ([@bib50]; [@bib71]; [@bib105]). Thus, whether proteins that contain SMP domains actually facilitate lipid exchange remains to be determined.

As second possible mechanism of lipid transfer at MCSs that does not require LTPs is membrane hemifusion ([Fig. 2 C](#fig2){ref-type="fig"}), which could allow rapid exchange of large amounts of lipids between compartments. Recent indirect evidence suggests that hemifusion may occur between the ER and chloroplasts ([@bib64]). This is consistent with an earlier study using optical tweezers that found the ER and chloroplasts remained attached to one another even when a stretching force of 400 pN was applied ([@bib3]). Whether hemifusion occurs at MCSs in animal cells remains to be determined.

Calcium signaling at MCSs
=========================

MCSs between the ER and PM and the ER and mitochondria play central roles in intracellular Ca^2+^ storage, homeostasis, and signaling in mammalian cells. MCSs between the ER and lysosomes may also be important, though they are less well understood ([@bib32]; [@bib53]).

One of the best-characterized MCSs is the one formed between the PM and ER in muscle cells. In both cardiac and skeletal muscle cells, deep invaginations of the PM, called T (transverse)-tubules, allow it to form extensive contacts with the ER, called the sarcoplasmic reticulum (SR) in muscle cells. These contacts are essential for coupling excitation and contraction. Before excitation, Ca^2+^ levels in the cytoplasm of muscle cells are low, whereas the Ca^2+^ concentrations in the SR and outside muscle cells are high. During muscle excitation, Ca^2+^ rapidly flows into the cytosol through channels in the PM and the SR ([Fig. 3 A](#fig3){ref-type="fig"}). The channels in the PM, called dihydropyridine receptors (DHPRs), and those in the SR, known ryanodine receptors RyRs, directly interact with each other where the SR and PM are closely apposed, allowing the opening of both types of channels to be coordinated ([@bib23]; [@bib4]; [@bib6]; [@bib82]).

![**Ca^2+^ trafficking at ER--PM MCSs.** (A) In muscle cells, the interaction of the RyR in the SR and with DHPR in the PM allows the coordinated release of Ca^2+^ during muscle excitation and contraction. See text for details. (B) When STIM1 senses low Ca^2+^ concentration in the ER, it undergoes a conformational change that allows it to oligomerize and bind to the PM, to the protein Orai1, and to accumulate at ER--PM MCSs. Ca^2+^ influx at these sites facilitates Ca^2+^ import into the ER by sarco/endoplasmic reticulum Ca^2+^-ATPase (SERCA). (C) Calcium channeling from the ER lumen to the mitochondrial matrix. Calcium exits the ER through the inositol trisphosphate receptor (IP3R) channel, enters mitochondria via VDAC, and then uses the mitochondrial Ca^2+^ uniporter (MCU) to move into the mitochondrial matrix.](JCB_201401126_Fig3){#fig3}

The extensive contacts between the SR and PM in muscle cells are largely maintained by tethering proteins called junctophilins, which have a single transmembrane domain in the SR and a large cytosolic domain that interacts with the PM. Expression of junctophilins in cells lacking them induces ER--PM contacts ([@bib95]) and cells lacking junctophilins have abnormal SR--PM MCSs and defects in Ca^2+^ signaling ([@bib36]; [@bib47]; [@bib33]). Thus, junctophilins are both necessary and sufficient for generating functional SR--PM contacts. However, cells lacking junctophilins still maintain some SR--PM contacts, indicating that other proteins also tether the SR and the PM. Some of this residual tethering probably comes from the interaction of DHPRs and RyRs.

ER--PM contacts also play a role in regulating intracellular Ca^2+^ levels in non-excitable cells. When the Ca^2+^ concentration in the ER lumen is low it triggers Ca^2+^ entry into the cytosol and ER from outside cells ([Fig. 3 B](#fig3){ref-type="fig"}), a process known as store-operated Ca^2+^ entry (SOCE). The PM channel responsible for Ca^2+^ entry is Orai1, and the sensor of Ca^2+^ concentration in the ER lumen is the integral membrane protein stromal interaction molecule-1 (STIM1). When STIM1 senses that the Ca^2+^ concentration in the ER is low, it oligomerizes and undergoes a conformational change that exposes a basic cluster of amino acids in its C terminus that binds PIPs in the PM ([@bib89], [@bib90]; [@bib57]; [@bib68]). STIM1 also binds to Orai1 in the PM and activates it ([@bib41]; [@bib67]; [@bib78]; [@bib106]). Activation of STIM1 causes it to shift from being relatively evenly distributed on the ER to forming a number of puncta, which are regions were the ER and PM are closely apposed. It seems likely that STIM1 accumulates at and expands preexisting ER--PM MCSs and may also drive the formation of new MCSs ([@bib109]; [@bib59]; [@bib74]).

The interaction of STIM1 and Orai1 at ER--PM contacts during SOCE is an elegant mechanism for channeling both signals and small molecules at an MCS. The signal that ER luminal Ca^2+^ concentration is low is transmitted directly from STIM1 in the ER to Orai1 in the PM. The close contact of PM and ER also allows Ca^2+^ to move from outside the cell into the lumen of the ER without significantly increasing cytosolic Ca^2+^ levels ([@bib39]). During SOCE, ER Ca^2+^ levels are restored by the sarco/endoplasmic reticulum Ca^2+^-ATPase (SERCA) pump ([@bib86]; [@bib62]). This pump is enriched in ER--PM contacts with STIM1 and may interact directly with it, suggesting how Ca^2+^ can be effectively channeled from outside cells directly into the ER lumen at ER--PM MCSs ([Fig. 3 B](#fig3){ref-type="fig"}).

Interestingly, it has become clear that proteins that are not part of the SOCE pathway also facilitate ER--PM connections during Ca^2+^ signaling. The E-Syts have multiple domains that probably bind Ca^2+^. They have been shown to regulate both the number of the ER--PM contacts and the distance between the ER and PM at MCSs during Ca^2+^ signaling ([@bib9]; [@bib27]).

MCSs between the ER and mitochondria similarly facilitate Ca^2+^ movement from the ER lumen to mitochondria ([@bib84]; [@bib11]). Ca^2+^ channels in the ER and OMM interact with each other at MCSs ([Fig. 3 C](#fig3){ref-type="fig"}). The channel in the ER is called the inositol trisphosphate receptor (IP3R), while the voltage-dependent anion channel (VDAC) in the outer mitochondrial membrane is a nonspecific pore that allows Ca^2+^ entry into mitochondria. These proteins, together with the cytosolic chaperone Grp75, form a complex that links the ER and mitochondria and facilitates Ca^2+^ exchange ([@bib94]).

More evidence that Ca^2+^ transfer from the ER to mitochondria occurs at MCSs came from studies on the channel that allows Ca^2+^ to move across the inner mitochondrial membrane, called the mitochondrial Ca^2+^ uniporter (MCU). Surprisingly, this channel has an affinity for Ca^2+^ that is lower than the typical Ca^2+^ concentration in the cytosol ([@bib44]). However, Ca^2+^ release by the ER at ER--mitochondrial MCSs suggests a solution to this puzzle; the local Ca^2+^ concentration at these MCSs is probably high enough for MCU to function ([@bib12]). Close contacts between the ER and mitochondria are therefore essential for channeling Ca^2+^ from the ER lumen to the mitochondrial matrix.

It is thought that MCSs between the ER (or SR) and lysosomes regulate Ca^2+^ release by lysosomes, but the mechanism is not yet understood ([@bib42], [@bib43]; [@bib26]; [@bib66]).

Enzymes working in trans and signaling at MCSs
==============================================

MCSs allow rapid and efficient signaling between intracellular compartments. We are still just beginning to understand the mechanisms and functions of this signaling. One way that signals are transmitted between the two compartments at an MCS is for an enzyme in one compartment to modify substrates in the second; that is, for the enzyme to work in trans. Although there are currently only a few examples of this, which are discussed here, it seems likely that many more will be uncovered.

The protein tyrosine phosphatase PTP1B regulates a number of receptor tyrosine kinases. PTP1B resides on the surface of the ER with its active site in the cytosol, and yet the receptor tyrosine kinases it modifies are in the PM. Although this was initially puzzling, it was found that PTP1B probably encounters its substrates at MCSs, either at ER--PM junctions or at contacts between the ER and endocytic recycling compartments ([@bib28]; [@bib8]; [@bib2]; [@bib19]; [@bib72]). Interestingly, in some cases the interaction of PTP1B with substrates in the PM occurs on portions of the PM that are part of cell--cell contacts ([@bib29]), suggesting that ER--PM contacts could play a role in signaling, not only between the ER and PM but between cells as well. Dephosphorylation of receptor tyrosine kinases by PTP1B at contact sites probably allows their kinase activity to be regulated in response to changes in the ER or changes in cellular architecture that alter MCSs. For example, the dephosphorylation of epidermal growth factor receptor (EGFR) by PTP1B occurs at regions of close contact between the ER and multivesicular bodies, causing EGFR to become sequestered with multivesicular bodies ([@bib19]). This may provide a mechanism for cells to regulate EGFR levels on the PM in response to signals in the ER.

Lipid metabolism enzymes can also work in trans at MCSs. In two cases, both in yeast, enzymes that reside in the ER have been found to modify lipids in the PM at MCSs. In one instance, the phosphatase Sac1, which is on the surface of the ER, can dephosphorylate PIPs in the PM ([@bib91]). In the second, the ER enzyme Opi3 methylates phosphatidylethanolamine in the PM, a reaction that is required for the conversion of phosphatidylethanolamine to phosphatidylcholine ([@bib99]). Remarkably, the PIP-binding protein Osh3 ([@bib100]) regulates both reactions, suggesting that lipid metabolism at ER--PM junctions is regulated by PIPs. It seems likely that ER--PM junctions play important roles in integrating lipid metabolism in both organelles.

MCSs and organelle trafficking and inheritance
==============================================

In addition to being sites at which signals and small molecules are exchanged between cellular compartments, there is growing evidence that MCS formation also regulates organelle trafficking and inheritance.

In budding yeast, organelle transport is polarized from the mother cell to the growing bud and is required for proper organelle inheritance. The transport of peroxisomes and mitochondria to the bud is regulated by their association with the ER or PM.

[@bib46] found that tethering of the ER to peroxisomes requires Pex3, an integral membrane protein that resides in both compartments, and Inp1, a cytosolic protein that binds to Pex3. This tether keeps peroxisomes in mother cells. When peroxisomes divide they are transferred to the bud by the myosin V motor Myo2 and become attached to the ER in the bud. In cells lacking the ER--peroxisome tether, peroxisomes accumulate in daughter cells. Thus, tethering plays a critical role in ensuring that some peroxisomes are retained in mother cells and that both cells inherit peroxisomes.

Mitochondrial inheritance in yeast is regulated by close contacts with both the ER and PM. Mitochondria--PM contacts mediated by a complex containing Num1 and Mdm36 ensure that mitochondria are properly distributed between mother and daughter cells and seem to be particularly important for retaining mitochondria in the mother cells ([@bib45]; [@bib52]). Interestingly, Num1--Mdm36-mediated contacts also associate with the ER ([@bib52]), suggesting that three membranes may somehow associate at these MCSs. An ER--mitochondria tether containing the protein Mmr1, which anchors mitochondria to bud tips, also plays a role in mitochondrial inheritance ([@bib93]). Thus, the Num1-tethering complex and Mmr1-tethering complex seem to play antagonistic roles in mitochondrial distribution; the Num1 complex promotes mitochondrial retention in the mother, whereas the Mmr1 complex favors retention in the bud.

MCSs also play a role in endosomal trafficking in mammalian cells. One of the complexes that tethers the ER to endosomes contains VAPs and ORP1L, which is an OSBP homologue that can bind cholesterol ([Fig. 1](#fig1){ref-type="fig"}). ORPlL can also binds the p150^Glued^ subunit of the dynein--dynactin motor that participates in endosome transport along microtubules ([@bib38]). When cellular cholesterol levels are high, ORP1L associates with p150^Glued^ but not VAPs and endosomes are transported on microtubules. However, when cholesterol levels decrease, ORP1L undergoes a conformation change that dissociates it from p150^Glued^ and allows it to bind to VAPs on the surface of the ER, thus forming a tether between endosomes and the ER ([@bib85]). Under these conditions, endosome transport on microtubules is blocked. ORPlL is therefore a cholesterol sensor that regulates a switch between the association of endosomes with either motors or the ER.

MCSs and organelle division
===========================

A groundbreaking study revealed a new and unexpected role for MCSs between the ER and mitochondria: the ER regulates mitochondrial fission ([@bib25]). Although a mechanistic understanding of how ER participates in mitochondrial fission is not yet available, the sequence of events is beginning to come into focus ([Fig. 4](#fig4){ref-type="fig"}). The ER encircles mitochondria at sites where scission will occur. The ERMES complex is present at these sites ([@bib69]). Because mammalian cells lack ERMES, another tethering complex must perform the same function in higher eukaryotes. Mitochondrial division requires membrane scission by the dynamin-like protein Dnm1/Drp1, which multimerizes on the outer mitochondria membrane. Close contacts between the ER and mitochondria occur before Dnm1/Drp1 assembly, suggesting that these contacts promote or regulate the association of Dnm1/Drp1 with mitochondria and hence mitochondrial division. It is possible that when the ER encircles mitochondria it causes mitochondria to constrict to a diameter that allows Dnm1/Drp1 to assemble. The force necessary to drive constriction may come from actin polymerization. A recent study found that the ER protein, inverted formin-2, probably drives actin polymerization at these sites and is necessary for mitochondria fusion ([@bib51]).

![**Model of ER-mediated regulation of mitochondrial fission at sites of contact.** (A) The ER and mitochondria are tethered by ERMES in yeast (other tethers are used in higher eukaryotes). (B) The ER encircles mitochondria at sites where division will occur. (C) Actin polymerization facilitated by formin 2 may cause mitochondrial constriction. (D) The dynamin-like protein Drp1 is recruited to the mitochondrial surface, where it multimerizes and causes mitochondrial scission. (E) After fission, the ER remains associated with the mitochondrion that retains the ERMES complex.](JCB_201401126_Fig4){#fig4}

Understanding the assembly and regulation of the mitochondrial division machinery at ER--mitochondria MCSs and how this is linked to mitochondrial and perhaps ER function remain fascinating questions for the future. Another interesting question is whether other MCSs play roles in the fission of other organelles.

Proposed functions of ER--mitochondrial MCSs
============================================

A growing number of studies have suggested that ER--mitochondria MCSs play critical roles in autophagy, apoptosis, inflammation, reactive oxygen species signaling, and metabolic signaling. ER--mitochondria MCSs have also been implicated in Alzheimer's disease, Parkinson's disease, and some viral infections. These topics have been recently reviewed ([@bib20]; [@bib81]; [@bib63]; [@bib103]) and will not be discussed in detail here.

One issue with most of the studies on the functions of ER--mitochondria junctions is that they rely, at least in part, on density gradient purification of the ER that associates with mitochondria. These operationally defined membranes, often called mitochondrial-associated membranes (MAMs), remain poorly defined. In fact, a significant number of proteins that are enriched in MAMs do not seem to be enriched at ER--mitochondria junctions when their localization is determined by other methods ([@bib32]; [@bib103]). Therefore, it remains unclear why some proteins and lipids are enriched in MAMs.

Here, two interesting findings will be discussed that suggest the importance of ER--mitochondrial junctions in signaling in addition to their well-known role in Ca^2+^ signalling.

The induction of apoptosis requires signal transmission between the ER and mitochondria. Part of this signaling process occurs through an interaction between the ER protein Bap31 and the mitochondrial fission protein Fission 1 homologue (Fis1; [@bib37]). This interaction occurs at ER--mitochondria MCSs and results in the cleavage of Bap31 by caspase-8 to form p20Bap31, which is pro-apoptotic. Both Bap31 and Fis1 are parts of larger complexes that are still being characterized. Interestingly, it has recently been found that a protein called cell death--involved p53 target-1 (CDIP1) binds to Bap31 during ER stress and promotes apoptotic signaling from the ER to mitochondria ([@bib70]), suggesting how ER stress signals are transmitted from the ER to mitochondria through MCSs.

Another important connection between ER--mitochondrial MCSs and signaling has to do with the target of rapamycin (TOR) kinase complexes, which are critical regulators of growth and metabolism. The mammalian TOR complex 2 (mTORC2) was found to interact with the IP3R--Grp75--VDAC complex that tethers the ER and mitochondria ([@bib7]). Remarkably, this study presents evidence that mTORC regulates both the formation of ER--mitochondrial MCSs and mitochondrial function, suggesting an interesting new mechanism for how metabolic signaling can impact mitochondrial function via MCSs.

Conclusions and perspectives
============================

The potential of MCSs to facilitate Ca^2+^ signaling and channel lipids between organelles was recognized some time ago ([@bib55]), but it has only been in the last few years that we have finally begun to have some mechanistic insight into how these processes occur and how MCSs are formed. Many fundamental questions remain to be addressed. How lipid exchange at MCSs that does not require soluble LTPs occurs or whether transient hemifusion of membranes at MCS ever occurs remain open questions. Another is the mechanisms by which Ca^2+^ regulates MCS formation between the ER and other organelles. One major challenge for the field will be devising better methods to visualize MCSs and identify proteins and lipids enriched at these sites. It is particularly important to better understand what the MAM fraction is and what it means for proteins and lipids to be enriched in this fraction.

One of the most exciting developments in the study of MCSs in the last few years has been the discovery of the role of MCSs in organelle trafficking, inheritance, and dynamics. These studies have revealed that MCSs not only play critical roles in signaling and metabolism, but also modulate the intracellular distribution of organelles and organelle architecture. Understanding how MCSs perform these functions will probably shed light on the connection between the still murky relationship between organelle structure and function as well as the role of the ER as a regulator of other organelles. Given the current pace of discovery, it seems likely that in the next few years our knowledge of the functions of MCSs will grow dramatically.
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